Coal offers an abundant widely spread fossil energy resource. It is available at a quite stable price from many international suppliers and it will continue to play a significant role in new generating capacity, if security and diversity of supply remain fundamental. In this paper we point out the state of the art in the field of "Clean Coal Technologies" evidencing the perspectives of improvement and the critical elements. Both the emission control of NO x , SO x and Particle Matter and the advanced coal conversion pathways like USC, PFBC and IGCC are reviewed and analysed. At the end some elements concerning the perspectives of CO 2 emission control strategies are outlined.
INTRODUCTION
Coal represents at the present about 70% of the world's proven fossil fuel resources.
Moreover, coal is also the more delocalized resource and it has the lower cost among the different fossil fuels. Thus coal is likely to remain one of the main sources of primary energy for a long time, playing a strategic role in the medium-long-term energy production systems. [1] [2] [3] .
Electric power from coal has been predominantly generated in pulverized coal-fired power plants. Due to thermodynamic (the use of water) and metallurgic constraints, the efficiency of such plants is rather low. Modern pulverized coal-fired power plants achieve efficiency of about 38-40% (based on the Lower Heating Value of the fuel) operating at 250-300 bar and at maximum temperature of 550-570 °C. But they are characterized by quite high pollutant emissions especially carbon dioxide (about 800 g for each kWh of electric energy produced).
The growing energy demand of the developing countries together with the need of a significant reduction in greenhouse gases (GHG) emissions are the challenging tasks of future energy policies [4] . The perspectives of coal as energy source are based on the success into the energy market of "clean coal technologies" (CCT), where good thermodynamic performances of the power plant are joined with a control of pollutant emissions (mainly CO2 emissions). The most promising are the Ultra Super Critical (USC), the Integrated Coal Gasification Combined Cycle (IGCC) and the Externally-Fired Combined Cycle (EFCC) power plants. [2] [3] [4] . The development of CCT is an objective not easy to be performed for different motivations. On the one hand coal is not a uniform source due to its extremely variable composition; this made difficult to reach a standardization of advanced technologies that can be very sensitive to the fuel used. On the other hand coal combustion produces structurally more pollutants that the other fossil fuel since it contains mainly carbon as reactive component (producing CO 2 ) and sulphur (SO x is the resulting product) but very little hydrogen (turning into H 2 O). From the aforesaid considerations, the aim of the work is to analyze the perspectives of the particular field of clean coal technologies starting from an analysis of the state of the art. The paper will focus on the emerging suite of technology options and on studies to evaluate their potential to contribute to the nation' s energy mix. In addition the current research and development in the "clean coal field" is discussed.
THE EVOLUTION OF COAL TECHNOLOGY AND ITS PERSPECTIVES
Worldwide energy and mainly electricity consumption are projected to grow at an average annual rate of 2.4% between now and 2030 (Table 1) caused by increase of population (up to 7.5 billion) and increase of consumption (mainly of China and India). Coal offers an abundant widely spread fossil energy resource, available at a stable price from many international suppliers and it will continue to play a significant role in new generating capacity, if security and diversity of supply remains fundamental. In this paper we will point out the state of the art of coal technologies and discuss if coal is really an opportune pathway for 21st century.
Even if coal does not represent a long term solution for the energetic problem it could be a strategic element in the mid term for the development of poor countries and for maintaining acceptable levels of welfare of others. Today the 23% of world primary energy comes from coal. About 36% of the world's electricity is produced using coal. Coal is the main fuel for electricity in USA, Germany, China, India, South Africa, Australia and much of central Europe [5] [6] . Moreover 70% of the world's steel is produced by coal. The negative perception of coal is mostly related to the dirty and dangerous mines with poor working conditions, smog and suit, old technology and to the abundant pollutants (CO 2 , SO x , NO x , and other). But in the last years a positive perception is emerging due to the abundant supply, the cheap nature of fuel, the growing interest of industrialized country and the efforts to R&D for the New Clean Technologies. All over the world there are today hundreds of Gigawatts (GW) of coal-fired generating capacity, mostly subcritical units with a capacity range of 100-300
MWe. The present policy is to close units of 100MWe and smaller, to modernize the 100-300
MWe units and to construct new larger units. Furthermore, environmental challenges can be addressed through technology improvements. Cleaner Fossil Fuels will remain the realistic option to provide Europe energy security, and commercial energy access. Coal-fired power plants are among the oldest power plants in operation in the world (at least on average).
Although a lifetime of 30 years for a coal-fired power plant is not exceptional (more than 80 GW of plants installed in Europe are more than 30 years old). Thus in Europe, as in many countries there are both a desire and a necessity to utilize coal as an important energy resource to meet both rising electricity demand and plant retirements. Till to the beginning of the Sixties a great technological evolution of Pulverized Coal Combustion (PCC) based on thermodynamic optimization has been observed. At the end of the '50, the first supercritical cycles were developed in U.S.A. The majority of these PCC power plants had no emissions control equipments other than some particulate removal systems. Since the Sixties there has not been meaningful efficiency improvement, but growing attention to SO x and NO x emissions. Only in the Nineties a renewed interest in the Super Critical Pressurized Fuel (SCPF) technology was carried out reaching the actual standard level of 300 bar and 600 °C. can be used by all countries. Three different stages to achieve "clean coal" are available:
-I control and reduction of pollutants SO 2 , NO x , mercury and PM (excluding CO 2 )
without structural modification of the cycle -II advanced technologies (the efficiency pathway)
-III long term vision of CO 2 capture and storage
Pollutant emission control
There are various technologies and processes that can be utilized throughout the coal fuel cycle to mitigate negative environmental impacts . The available technologies are:
1. Removal the source of pollution (sulphur, nitrogen) from the coal before it is burnt; 2. Avoiding the production of the pollutants during combustion (in-furnace measures);
3. Removing the pollutants from the flue gases by "end of pipe" methods prior to be emitted.
NO x control options
Depending on the fuel used, the combustion conditions, the air ratio and the flame type in the burner, a considerable mass of nitrogen oxide might be produced during the combustion process. Three primary sources of NO x formation in combustion processes are documented:
-formation due to a high temperature combustion depending on the residence time of nitrogen at that temperature (Thermal NO x );
-formation of fuel bound nitrogen to NO x during combustion (Fuel NO x );
-formation due to the reaction of atmospheric nitrogen, N 2 , with radicals such as C, CH, and
One of the most common methods of post-treatment is the Selective Catalytic Reduction (SCR) generally used when higher NO x reduction is required. The SCR achieves reductions of about 90% when is applied by temperature from 300 to 400ºC. Many other technologies are available; Table 4 summarizes the various options with their limits level. [7] . The paper [8] reviews the history of NO, control implementation, with an emphasis on the role that research has played on NO, control technology, development and implementation.
SO x reduction
Coal contains significant amounts of sulfur. When burned, about 95% or even more of the sulfur is converted to sulfur dioxide (SO 2 ). SO 2 can be removed from flue gases by a variety of methods (Table 5) . SO 2 is an acid gas and thus the typical sorbent used to remove the SO 2 from the flue gases are alkaline. Post-combustion removal, including Wet and Dry Flue Gas Desulphurization (FGD and DFGD) or spray dry-scrubbing. FGD is the current state-of-the art technology used for removing SO 2 from the exhaust gases in power plants. Many "conventional" PF stations (with Low NO x burners) have FGD fitted. For a typical coal-fired power station, FGD will remove 95% or more of the SO 2 in the flue gases. Wet Flue Gas Desulphurization (FGD) utilizes a variety of slurry of sorbent materials to scrub the gases in order to accomplish SO 2 removal efficiencies approaching 99% (reduction in the treated flue gas). These reagents include limestone (CaCO 3 ), lime (CaO), caustic soda (NaOH) and related variants to absorb and neutralize the SO 2 in the flue gas. Table 5 provides the main control technologies with their potential reduction [7] . A book, [9] provides a collection of papers concerning emissions reduction of SO x and NO x .
PM controls (Mainly post-combustion methods)
PM composition and emission levels are a complex function of coal properties, boiler firing configuration, operation and pollution control equipments. In the combustion of solid fuel dust and ashes, that are included in the exhaust gases as small particulate, are produced. PM control is mainly possible with post-combustion methods, like electrofilters, cyclones and ceramic filter with quite good results ( Table 6 ). The problem of PM emission of coal plants is discussed in several scientific papers like [10] and [11] .
Mercury control
Mercury control R&D includes sorbents and oxidizing agents that can change gaseous mercury into solids, which can be captured. The oxidizing agents work inside wet flue gas scrubbers to capture mercury in the sulfate by-product. Hg capture with existing controls depends on coal and technology type, being more difficult to control Hg from low rank coalfired boilers. Sorbent injection is an emerging Hg control technology. The paper [12] presents an overview of research related to mercury control technology for coal-fired power plants and identifies areas requiring additional research and development.
The new concept of coal plant
Each component in the flue gas cleaning section is designed to remove a specific pollutant but, besides this, can also have a beneficial effect on other macro and micro pollutants, substantially increasing the global abatement performance. According to literature, good results can be obtained using the various pollutant control technology [13] . But a different vision of coal plant as energy system is emerging. Coal-fired power plants as the one described in Fig. 1 generate significant quantities of solid byproducts such as fly ash or gypsum. The call for more stringent emission reductions through multi-pollutant regulations has the potential to alter the future use of coal by-products and may make certain auxiliary product (limestone) or by-products (gypsum) a problem that need to be considered.
Advanced technological options for coal conversion
Energetic performances and pollutant emissions from electric power generating plant can be further reduced by the improvement of the thermodynamic cycle of power generation. New 
Ultra Super Critical Plants (USC)
The use of Ultra Super Critical (USC) parameters for steam represents on of the sure evolution of pulverized coal fired power plants. [14] . The perspective is to achieve net efficiencies of 50% and more.
Pressurized Fluidized Bed (PFBC)
Fluidized bed combustion represents a straightforward evolution of the circulating fluidised bed combustion, which has gained great attention from the Seventies [16] . Fluidization means that the solid coal particles are supported and mixed with air which is injected into the system.
Burning occurs at 760-930°C, well below the 1370°C needed to generate nitrogen oxide pollutants. It permits basically the possibility of a strong reduction of SO 2 and NO x emissions with respect to pulverized coal power plants. SO 2 is captured by limestone injection, CO 2 is controlled by sorbents. The resulting flue gas can be used in turbine.
Fluidised bed combustion technologies are of various types. They include atmospheric pressure Fluidised Bed Combustion (FBC), Circulating (CFBC) or Pressurized Fluidised Bed Combustion (PFBC) and Pressurised Circulating Fluidised Bed Combustion (P-CFBC).
From the thermodynamic point of view, the main benefit obtained from pressurized fluidised bed consists on the possibility of increasing the plant efficiency, coupling a Rankine cycle with a gas turbine. The controlled combustion permits a flexibility in the use of fuel (i.e. the use of a low quality coal). The resulting process is a hybrid cycle, but the steam turbine generates the high percentage of the power (until the 80%). The currently available efficiency is lower than 40% and many problems during operation have been evidenced in the various experimental facilities.
Integrated Gasifier Combined Cycle (IGCC)
Since twenty years ago Integrated Gasifier Combined Cycles (IGCC) are considered the future of coal combustion. IGCC first turns the coal into gas (mostly CO and H 2 ), then sulphur, ash, mercury and other pollutants are removed and finally the clean gas is fed to the Central Power (Fig. 3) . IGCC allows coal to benefit from gas turbine advances [17] and permits simpler CO 2 control if required [18] . there are a lot of technical and financial risks and finally companies don't understand why they should build IGCC when it is possible to get a permit for a conventional coal plant. The advanced technologies for coal conversion like USC and IGCC can contribute to the CO 2 emission mitigation mostly due to the efficiency increase (USC technology) and to the different plant architecture (IGCC). Fig. 4 summarizes the range of specific CO 2 emission available with the various coal technologies in comparison with the reference level represented by CO 2 emission of Natural Gas Combined Cycle (NGCC) plants.
THE FUTURE CHALLANGES OF CLEAN COAL TECHNOLOGIES

CO 2 emissions control and the mitigation technologies
To maintain the position of coal in the global energy mix in a CO 2 -constrained world, the crucial question about the future of coal technologies remains the perspective of a considerable reduction of the CO 2 emissions from its utilization. To reduce CO 2 emissions from coal-fired power generation, two strategies can be perceived: improving efficiency or resorting to capture and storage of CO 2 from conventional plants. Three main strategies are analyzed in order to mitigate the CO 2 emissions produced by coal:
-Post-Combustion (removal of CO 2 from combustion flue gases).
-Oxy-Fuel Combustion (combustion with pure O 2 and Recycled Flue Gas) -Pre-Combustion (separation of CO 2 from the fossil fuel)
Even if the second and the third are promising strategies, the control of CO 2 emissions from coal fired power plants is possible through end-of-pipe (post-combustion) processes.
The most suitable technology appears to be the chemical absorption, which is based on the CO 2 concentration and its partial pressure at the capture point. This method has been widely analyzed in literature, being the most applied one. Under an energetic point of view this technology requires a great amount of energy to achieve the CO 2 capture, with a great impact on the thermodynamic performance of the plant that seriously decreases power generation efficiency (Fig. 5) . The CO 2 capture systems demand a significant amount of energy for their processes requiring more fuel per kWh generated, reducing net plant efficiency, increasing other environmental pollutants (ammonia, limestone). According to the currently available literature, a reduction of efficiency estimated in 7-8 point percentage (from 40% to 32%) can be estimated. [4] . Economically talking, the development of this technology without much modification to the plants can be a transitory short-term solution for existing plants. The estimated increase of costs is of the order of 35-40% (from 1100-1200 €/kW to about 1600-remain, including cost and performance of integrated power and capture technologies about how sustainable could be CO 2 capture as a mitigation strategy.
In spite of the important research efforts and the great emphasis associated to the development of pollutant emission control, the concept of CO2 capture in power generation is still in a developing phase. The different options offer an enormous engineering challenge but do not seem to be valid solutions for existing power plants.
Research and development lines in the field of "Clean Coal Technologies"
Under the urgent need of advanced technologies for electricity generation using coal as fuel, capture and separation, "zero liquid discharge" plants. The promising EFCC technology is nowadays only at evaluation of proof concepts but it seems the only one strategy for promoting the development of low size plants (10-50 MW) based on coal as primary fuel.
CONCLUSIONS
Over the past decade, the role of coal as an energy source for the future has gained renewed interest and it is, therefore, likely that coal will remain in an important position among the primary resources. Concerning the emission control strategies it is possible to observe good Table 6 . Potential Reduction of PM control technologies [7] Figure captions 
